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Abstract 
The paper examined the catalysts of low-temperature ammonia synthesis Ru-Cs/Sibunit in which Sibunit, mesoporous carbon 
carrying agents, vary considerably in specific surface area and pore volume, but the pore sizes are similar. According to Raman 
spectroscopy, the Sibunit structures are same. Applied ruthenium dispersiveness, determined by CO chemisorption, are also close 
(~ 13 - 16%) for all the examined catalysts. The difference in the activity of the samples is due to the different direct contact 
probability of the particles of ruthenium and modifier (CsOx). This probability decreases with increasing specific surface area 
(SBEТ Sibunit) that are supposed to cause the decrease of catalyst activity on high-superficial Sibunit in the ammonia synthesis 
reaction. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
The nitrogen banding for getting ammonia is one of the most important industrial processes. Currently, this 
reaction is conducted on iron catalysts promoted with alkali metal compounds. For the industrial ammonia synthesis 
high pressure (200-300 bar [1]) and temperature (380-520 ° C [2]) are required which causes the need in equipment 
and special construction materials increases the cost of the end product. Thermodynamically it is much more 
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favorable to carry out the process at lower temperatures, but the rate of synthesis on the iron catalyst and, 
accordingly, productivity is significantly reduced. 
It is known that applied ruthenium is more active than iron in the reaction of ammonia synthesis from nitrogen 
and hydrogen. The most active are ruthenium catalysts with alkali and/or alkaline-earth modifiers (potassium, 
cesium, barium, and others.) applied on carbon materials: activated carbon, graphite, and graphite-carbon [3-6]. The 
use of ruthenium based catalysts significantly reduces the temperature (350-420 °C) and pressure (60-80 bar) of the 
process [1]. 
The ruthenium catalyst example on Sibunit carbon composite, a method of its preparation and method of the 
ammonia synthesis process are described in [7]. The carrying agent feature is a combination of the graphite 
properties (conductivity, chemical stability) and active coals (high specific surface area and adsorption capacity). 
Furthermore, the material has high abrasion and crushing mechanical strength [8]. 
As shown in previous studies, the catalytic activity of the ruthenium catalyst is influenced by many factors [1, 3, 
9, 10]. Despite the studies, the state of the active component and promoting agent are not sufficiently examined, the 
relationship between catalyst activity and the properties of the carbon carrying agent, defined both by its structure 
(ratio of graphite and amorphous components), and texture, is not insufficiently investigated. It should be noted that 
the specific surface of the carrying agent affects the distribution of the catalyst components, their dispersiveness and 
the mutual contact. 
The main aim is to study the influence of the carrying agent texture on the catalytic activity of the ruthenium 
catalyst of low-temperature ammonia synthesis. The carrying agents in this study are three brands of Sibunit similar 
in structure (ID/IG), but differ in the specific surface area and pore volume at close values of the pore sizes. 
2. Experimental  
2.1. Preparation of ruthenium precursor  
0.71 g of hydroxylamine sulfate, 1.2 g of carbamide and 15 ml of water are added to 0.5 g of ruthenium 
hydroxychloride, then the suspension was boiled for 3 hours. In the process the complete dissolution of RuOHCl3 
occurres, and a cationic ruthenium complex (II) [Ru(NH3)nClm]Clр (n=5–6; m=0-1; p=1-2) forms. 
The ruthenium complex is purified from the chlorine ions on a strongly alkali anion exchange resin of the AB-17-
8 brand in OH-form, as follows: column with anion exchange resin OH-form is filled with a solution of 
[Ru(NH3)nClm]Clр, (v=120-150 ml), displaced water is discharged from the column at a flow rate of ~ 1 drops / 
sec. The solution is kept in contact with the anion exchange resin for 20 min, then released from the column at 1 
drops / 3-4 sec. After receiving of ~200 ml intensively colored solution [Ru(NH3)nClm](OH)р the column is washed 
with water, washing the remaining loosely bound ruthenium complex with an anion exchanger resin to get slightly 
yellow color output. The diluted solution is combined with the main solution and evaporated to 30-40 ml which 
corresponds to final solution with a concentration of Ru 20-25 mg/ml. The observed loss of ruthenium are ~ 10% 
due to its irreversible adsorption on anion exchange resin. 
2.2. Catalyst preparation 
The ruthenium catalysts are prepared by Sibunit infiltration (fraction 0.2-0.4 mm) with the complex solution 
[Ru(NH3)nClm]OHp, then dried (120 °C, 3h.), and then reduced in Н2 flowing at 450 °C for 4 hours (VH2 = 60 
ml/min, rate of temperature increase to 450 °C is 10 °C/min). The obtained Ru/Sibunit catalyst are then impregnated 
with CsNO3 solution, further dried (120 °C, 3h. in the air) and activated by heating in Ar (60 ml/min, 350 ° C, 2 h., 
rate of temperature increase to 350 °C is 5 °C/min). After activation in argon flow, samples are reduced in Н2 (60 
ml/min, 350 °C, 2h., heating rate is 5 °C/min), and then purged with argon. 
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2.3. Catalytic test 
Determination of catalyst activity in a low temperature ammonia synthesis reaction is carried out in a flow reactor 
under a pressure of 7 atm with fixed layer of gas mixture H2:N2 (3:1), and at a temperature of 350 °C into fractions 
catalyst 0.2- 0.4 mm. The contact time is 0.7 seconds. 
The volume of loaded catalyst is 2 sm3. Gas mixture analysis at the reactor outlet is carried out titrimetrically.  25 
ml of 0.1 N sulfuric acid solution, made from fixanal, was collected in barbotage glass bottle for the ammonia 
absorption at the reactor outlet. The barbotage of the releasing gas mixture (flow rate 92 ± 3 ml / min) is performed 
during 30 minutes, then an aliquot is removed from the solution and titrated with a standardized solution of NaOH 
with methyl orange. 
For each sample three parallel changes are carried out, results are averaged. The titrated number of NaOH is used 
for calculation of NH3 volumetric flow rate (ml/min) and the volume concentration of NH3 at the outlet (vol.%). 
From this was the catalytic activity of W, ml NH3∙gcat-1∙hour-1 is calculated based on the data obtained. 
2.4. Determination of textural characteristics of carrying agents   
The study of the porous structure parameters of the original carrying agents is carried out by adsorption-
desorption isotherms of nitrogen at -195.7 °C on the Sorptomatic-1900 (the «Carlo Erba» Company). Calculation of 
the specific surface is performed according to BET-method (SBET) in the range of equilibrium relative values of 
nitrogen vapor at P/PS = 0.05-0.33 on isotherm adsorption. Summary adsorption pore volume (V6pore) is 
determined from the nitrogen adsorption at P/PS = 0.996, density of nitrogen adsorbed is taken equal to the liquid 
normal density (liquid N2 molar volume equals 34.68 sm3/mol). 
2.5. Raman spectroscopy 
Raman scattering (RS) of the original carrying agents is recorded on a dispersive spectrometer DXR Smart 
Raman, "ThermoScientific" company, equipped with an attachment for registration of the backscattered light in the 
range of 50-3500 sm-1. The detector is a matrix Charged Coupled Devices (CCD). The wavelength of the laser 
pumping radiation is 633 nm. The laser power is 8 mW. The dwell time is 60 seconds, the number of spectrum 
accumulation is 15. 
2.6. Determination of dispersion by CO chemisorption  
To determine the ruthenium dispersion in catalysts 4%Ru/13.6%Cs/Sibunit we use the method of pulse CO 
chemisorption. The study is performed on the analyzer AutoChem II 2920, the Micromeritics company. CO 
chemisorption after samples reduction is performed with 10% Н2/Ar to 350 °C for 60 min., with the following 
helium purging at the same temperature for 30 min. and cooling the sample to room temperature. A mixture of 10% 
vol. CO/Не is fed by impulses at regular intervals into a stream of inert carrying agent gas (helium). Calibrated loop 
volume is 1 ml. The values of dispersion, and the particle sizes are calculated based on the CO chemisorption linear 
on ruthenium (stoichiometric ratio of CO: Ru = 1: 1) [11, 12]. 
3. Results and discussion 
3.1.  The porous structure of the carrying agent 
The characteristics of the Sibunit porous structure are shown in Table 1. According to the data obtained, all the 
carrying agents are mesoporous. Specific surface of the Sibunit precursors are 231 300 and 542 m2/g, respectively. 
The total pore volume in the Sibunit №3 (542 m2/g) was almost 3 times more than that of the carrying agent №1 
(231 m2/g), the average pore diameters being approximately equal for all carrying agents. 
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                       Table 1. The porous structure of Sibunit catalysts 4%Ru/13.6%Сs/Sibunit. 
 
№ 
 
SBET  of initial carrying agent 
 m2/g 
VΣ initial carrying agent pores, sm3/g 
(at P/Ps = 0.996) 
dBET (4V/ SBET) of initial carrying agent, 
 Å 
SBET catalyst,  
m2/g 
Δ SBET  , 
 m2/g 
1 231 0.240 53.9 90 141 
2 300 0.336 55.9 131 169 
3 542 0.618 50.8 360 182 
 
A comparison differential distribution curves of the pores according to the sizes, made on the nitrogen desorption 
curves has shown that the main contribution to the volume is made by pores with diameters of 30 to 50 Å (Fig. 1), 
the maxima of the curves are the same for all three carrying agents. This means that all the examined carrying agents 
differ mainly in a specific surface area and total pore volume. 
Specific surface are also identified for catalysts after promoter application. Ruthenium application on Sibunit 
practically does not change its SBET (values are in the margin of error range for various determination methods. 
(Table 3)). Appending of cesium in the catalyst leads to a significant reduction of its specific surface area: Sibunit 
№1 sample shows a SBET decrease on 141 m2/g, Sibunit №2 sample shows a decrease on 169 m2/g, №3 shows a 
decrease on 182 m2/g. This can be explained that a large amount of promoter is precipitated in the substrate pores of 
the carrying agent, covering them fully or partially. 
Fig.1. The pore distribution: the broken-line is Sibunit with SBET = 231 m2/g, dotted line is Sibunit with SBET = 300 m2/g; solid line is Sibunit with 
SBET = 542 m2/g. 
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3.2.  Raman spectroscopy 
In the Raman spectra at ~ 1590 sm-1 a scattering band appears which is typical for stretching vibrations of the 
double C=C bond in the graphite basal plane (G-line). Additionally, in the Raman spectra a scattering band is 
recorded at ~ 1320 sm-1, the origin of which is related to some defects of various kinds (D-line) [13]. The ratio of the 
intensities of G- and D- lines in Raman spectra are used for semi-quantitative defects evaluation of carbon carrying 
agents. The lower the ID/IG ratio, the more ordered is the carrying agent. The degree of carrying agent order 
depends on its electrical properties, especially its conductivity. Large conductivity facilitates the mediated (via 
carrying agent) transmission of the electron density from alkali metal atoms to the ruthenium atoms and increases 
the catalyst activity in the low-temperature synthesis of ammonia [14]. 
Valuation of the D- and G-bands intensity ratio in the initial Sibunit shows that all the samples have virtually 
identical ID/IG values (within margin errors) (Table 2). This means that the structural ordering of these samples is 
about the same. 
                             Table 2. The ID/IG ratio for Sibuni.t 
№ SBET, m2/g 
D-band G-band 
ID/IG for initial carrying agent ν, sm-1 h, relative unit ν, sm-1 h, relative unit 
1 231 1325 37 1593 25 1.5 
2 300 1325 314 1598 201 1.6 
3 542 1325 116 1594 71 1.6 
3.3.  Ruthenium dispersiveness 
The ruthenium particle values of dispersion and average size are determined by CO chemisorption for catalyst 
Ru-Cs/Sibunit after promoter application. According to the results, the ruthenium dispersion values of all the 
samples, determined from the CO chemisorption data, are very similar and are about 13-16% (Table 3). The 
calculated average ruthenium particle size is about 8 - 11 nm. With carrying agent surface increasing the calculated 
particle size of the active component remains practically unchanged, which may be due to the fact that most part of 
the ruthenium precipitates in the Sibunit surface layer grain while applying and drying. In fact, a simple estimate 
shows that carrying agent placement needs area of 1.8– 2.3 m2 in the case of 4% by weight Ru in the sample when 
its particle size is 8 - 11 nm. Therefore, for any of the mesoporous Sibunit there is enough surface provided in the 
grain surface layer for ruthenium application and the formation of particles of similar size. 
                                       Table 3. The dispersiveness of ruthenium in catalysts. 
№ 
SBET of initial carrying agent 
 m2/g 
DRu, % Average particle size Ru, nm S surface Ru, m2/g.cat 
1 231 12 ± 2 10.9 ± 1.6 1.8 
2 300 16 ± 2 8.7 ± 1.3 2.3 
3 542 13 ± 2 10.4 ± 1.6 1.9 
3.4. The catalytic properties 
Activity in the low-temperature reaction of ammonia synthesis is evaluated only for the cesium modified 
catalysts as Ru/Sibunit samples has almost no activity without cesium. The values of volume concentrations and 
number of NH3, produced in gram of catalyst per hour, are calculated from the ammonia amount absorbed by acid in 
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the reactor outlet (Table 4). The data indicate that the samples applied on Sibunit with lower specific surface (231 
and 300 m2/g), are more active (activity is 12.8 and 11.3 ml NH3∙гcat-1∙hour-1) than the catalyst with Sibunit SBET = 
542 m2/g (WNH3 = 8.1 ml NH3∙гcat-1∙hour-1). Such a small difference in the activities for samples applied on 
Sibunit SBE  initial with 231 and 300 m2/g, relative to values of the ammonia outputs (% vol., Table 4) is due to the 
different mass of catalyst sample (catalyst volume are 2 sm3 to achieve a contact time of 0.7 sec-1), i.e. due to a 
large number of loaded sample in the catalyst Sibunit with SBET 231 m2/g. 
Table 4. The catalytic properties of the samples 4% Ru / 13.6% Cs / Sibunit on different carrying agents in the low-temperature ammonia 
synthesis.  
№ 
SBET  of initial carrying agent 
 m2/g 
Catalyst sample weight, g Output NH3, об.% 
Catalyst actibity W, 
ml  NH3∙гcat-1∙hour-1 
1 231 2.0082 0.99 12.8 
2 300 1.4674 0.63 11.3 
3 542 1.4818 0.47 8.1 
 
It is known that the activity (for 1 g) of the ruthenium catalyst in low temperature ammonia synthesis is 
determined by the following carbon cattying agent characteristics: the presence of impurities (sulfur, nitrogen, etc.), 
pore structure, a specific surface area, and degree of graphitization of the carrying agent [15]. In particular, the 
impurities of S, N, O, Cl in the carrying agent inhibit the activation of the molecular nitrogen which is the limiting 
stage of the reaction [16]. The pore structure and specific surface of the carrying agent affects the dispersion and 
interaction between the components of the catalyst. 
In previous studies it was shown [8] that Sibunit preliminary high temperature treatment in hydrogen does not 
increase the activity of the catalyst. We can be concluded that the content of interfering components in these 
carrying agents is negligible. It should be noted that in the Sibunit synthesis we have used similar carbon blacks, so 
the amount of impurities are equally small. The calculated values of the ID/IG ratios for the initial carrying agents 
are almost identical, so we can conclude that all the Sibunit examined in the paper have the same degree of 
structural ordering. Dispersiveness of the applied ruthenium for all samples is virtually the same, so the observed 
difference in catalytic activity may be associated only with different specific surface of the carrying agent and its 
pore volume. 
It is known that the activity of the catalyst in the ammonia synthesis reaction increases with increasing 
concentration of the alkali promoter with the same ruthenium content on the same carrying agent [8]. Increasing of 
the carrying agent surface with the same active component dispersion and the same modifier content in the catalyst 
is equivalent to decreasing concentration of modifier per square meter of Sibunit ("dilution surface"). According to 
[17], in the catalyst Ru-Cs/C cesium is present in two states, the active form of the catalyst is due to direct contact 
between the promoter and ruthenium (so-called «hot ring promotion» [18]). Reducing of the cesium surface 
concentration also means reducing the probability of ruthenium and cesium contact on the catalyst surface all other 
conditions being equal, i.e. reducing the number of active front-line centers, which leads to reduced catalyst activity 
on Sibunit with the highest specific surface area compared with the samples on a carrying agent with a lower SBET. 
4. Conclusion 
The investigation of catalysts 4% Ru/13.6%Cs/Sibunit has showb that when the carrying agents have the same 
structural ordering, but differ substantially in terms of specific surface, and dispersiveness of the active ingredient 
(Ru) is practically the same for all samples, there is a relationship between the SBET  of the carrying agent and the 
catalytic activity per 1 g of the sample in a low temperature reaction of ammonia synthesis. In particular, the catalyst 
4% Ru/13.6%Cs/Sibunit applied on Sibunit with SBET = 542 m2/g, due to Sibunit SBET increasing the probability of 
ruthenium and the promoter particles proximity and direct contact is reduced, which reduces its catalytic activity. 
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The study leads to the conclusion that in the case of carbon catalyst (even in case of the electron density 
redistribution between ruthenium and the promoter by means of carrying agent conductivity), the reduced form of 
cesium oxide on the carbon carrying agent surface which is in direct contact with ruthenium particles («hot ring 
promotion »), remains important and directly affects the catalytic activity. 
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